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Abstract
Coastal kelp forest ecosystems create dynamic and productive habitats, supporting a wide range of epiphytic flora, inverte-
brates, fish and seabirds. Worldwide, kelp is harvested commercially, affecting kelp-associated animal communities. There is, 
however, limited knowledge of how fish and seabird respond to kelp harvest, highlighting the need to evaluate the ecological 
impact of harvest on all ecosystem levels. Using 6 years of GPS-tracking data, we examined the effects of kelp harvest on 
foraging behaviour of breeding European shags (Phalacrocorax aristotelis) from a colony in central Norway. We determined 
the spatial overlap between kelp harvest and foraging areas of shags and assessed the immediate, short- and long-term impacts 
of harvest on shag foraging behaviour. Our results demonstrated large spatial and temporal overlap in areas used by foraging 
shags and kelp harvest. We could not detect any clear alterations in the diving activity of shags due to kelp harvest. How-
ever, the broad temporal and spatial scale of our study constrained the detection of fine scale changes in shag behaviour in 
response to kelp harvest. Our study, nonetheless, identifies several issues that should be addressed before concluding on the 
effects of kelp harvest on seabird populations. This includes the need for experimental studies using directed and controlled 
harvest to investigate the effects of kelp harvest through the different trophic levels, including top predators. This is essential 
for ecosystem-based management of coastal resources, considering the many species composed in the coastal ecosystem.
Introduction
Coastal marine ecosystems are ranked among the most pro-
ductive ecosystems on earth, providing a range of resources 
to both humans and marine organisms (Costanza et al. 1997; 
Beaumont et al. 2008). At the same time these ecosystems 
are under pressure from human activities, contributing to 
their degradation and loss of habitat (Airoldi and Beck 2007; 
Halpern et al. 2008; Crain et al. 2009; Korpinen et al. 2013). 
In temperate and polar coastal ecosystems kelp forests create 
highly productive habitats (Mann, 1973; Steneck et al. 2002; 
Reed et al. 2008), facilitating a three-dimensional environ-
ment which supports a wide range of epiphytic flora and 
macrofauna (Steneck et al. 2002; Christie et al., 2003, 2009; 
Teagle et al. 2017). For instance, Christie et al. (2009) found 
that kelp forests along the Norwegian coast contained up to 
300 different species of invertebrates and more than 100,000 
individuals per square meter. Many of these invertebrates 
are important prey for a number of fish species, which use 
kelp forests as feeding and nursery areas and as refugia from 
predators (Norderhaug et al. 2005; Reisewitz et al. 2006; 
Bertocci et al. 2015). The high abundance of fish species 
attracts marine top predators, whose distributions are closely 
linked to that of kelp forests (Steneck et al. 2002; Fredriksen 
2003; Reisewitz et al. 2006; Lorentsen et al. 2010; Chris-
tensen-Dalsgaard et al. 2017).
Throughout the world, various kelp species are harvested 
commercially for alginates, food, biofuel and other products 
(Vea and Ask 2011; Monagail et al. 2017). This has raised 
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concerns regarding potential overexploitation and deple-
tion of kelp as a natural resource (Ugarte and Sharp, 2001; 
Monagail et al. 2017) and highlights the need to evaluate 
the ecological impact of harvest on all trophic levels (Lor-
entsen et al. 2010). Kelp harvest targets large kelp plants, 
whereas the youngest and smallest plants remain within the 
trawl tracks after the harvest. The sudden increase in light 
exposure after harvest initiates a quick regrowth of these 
plants. Research has shown that kelp plants may reach pre-
harvest size after four years. However, the recovery rates of 
individual kelp may not reflect recovery rates for the entire 
community, and the kelp-associated assemblages may take 
considerably longer to recover (Christie et al. 1998; Steen 
et al. 2016a, b).
Kelp harvest influence invertebrate and likely fish com-
munities, but so far only a few studies have tried to esti-
mate potential effects on the fish community (e.g. Lorentsen 
et al. 2010; Steen et al. 2012; 2016a, b). Most studies focus 
on single components of the kelp ecosystem restricted to 
small confined areas or species low in the food web (e.g. 
Christie et al. 1998). The small-scale variability in micro-
benthic assemblage properties is, however, often consider-
able (Frashetti et al. 2005), and a few small-scale samples 
may not be enough to detect the overall effect of harvesting 
(Stagnol et al. 2015). If kelp harvest impacts prey commu-
nities, it is likely to have effects throughout the food chain. 
Reductions in fish numbers after kelp removal have been 
demonstrated in different types of kelp forests (e.g. Bodkin 
1988; Lorentsen et al. 2010), but these fish-kelp removal 
relationships are often species specific (O’Connor and 
Anderson 2010; Salter et al. 2010) and can depend on direct 
and indirect kelp canopy effects and fish species interactions 
(Steen et al. 2012; Norderhaug et al. submitted). Monitor-
ing the impact of human exploitation, such as kelp harvest 
on an ecosystem, and separating human-induced changes 
from natural variability can be very challenging. It is none-
theless essential to assess the impacts of an anthropogenic 
disturbance such as kelp harvest across multiple trophic 
levels to understand the broader ecological implications of 
the activity on the coastal ecosystem. To our knowledge, 
only one study (Lorentsen et al. 2010) has tried to quan-
tify the effects of kelp harvest on seabirds, demonstrating 
that great cormorants (Phalacrocorax carbo) preferentially 
foraged in unharvested areas and diving effort was higher 
when foraging in harvested compared to unharvested areas. 
Kelp harvest is only one of several human activities in the 
coastal zone threating seabirds worldwide (Dias et al. 2019), 
and understanding its impact is thus an essential piece of 
the puzzle in the protection of seabird species relaying on a 
functional kelp forest.
In Norway, the kelp species Laminaria hyperborea has 
been harvested for the alginate industry since the 1970s 
(Vea and Ask 2011) and ~ 150 000 tons wet weight of kelp 
is landed annually (fishery statistics, www.fiske ridir .no). 
In this study we wanted to assess the potential impact of 
kelp harvest on a coastal seabird species, the European shag 
(Phalacrocorax aristotelis, hereafter shag). The shag is a 
nearshore-foraging, pursuit-diving seabird breeding through-
out the northeast Atlantic (Cramp and Simmons 1977). It is 
a species of national responsibility (> 25% of the European 
population of the species is found in Norway) with an esti-
mated population of 28,000 pairs (Fauchald et al. 2015), 
representing 35% of the NE Atlantic population (Mitchell 
et al. 2004). The shag can dive down to depths of more than 
60 m, but in Norway has been shown to forage at an average 
depth < 16 m (Christensen-Dalsgaard et al. 2017). One of the 
largest Norwegian shag breeding colonies is situated at the 
islands of Sklinna off Central Norway (Fig. 1). The marine 
area around Sklinna was opened for exploratory kelp harvest 
in 2014 and commercial harvest in 2015. Following this, 
concerns have been raised on the potential impact of the kelp 
harvesting on the breeding population of shags on Sklinna as 
their foraging range is strongly associated with the distribu-
tion of kelp forests (Christensen-Dalsgaard et al. 2017). The 
primary prey for shags at Sklinna is 0- and 1-group (year) 
saithe Pollachius virens up to c. 200 mm in length, constitut-
ing a mean of 73% of their diet during 2011–2016 (Hillersøy 
and Lorentsen 2012; Lorentsen et al. 2019). Saithe utilize 
kelp forests until they reach 3 years of age (~ 300 mm in 
length) at which time they migrate to pelagic areas and join 
the spawning population (Olsen et al., 2010). The proportion 
of saithe in the diet of shags has a positive influence on shag 
breeding success (Bustnes et al. 2013; Lorentsen et al. 2015, 
2019). Kelp harvest thus has a potential to influence breed-
ing success in shags through a decrease in saithe abundance 
from pre- to postharvest (cf. Lorentsen et al. 2010), reducing 
the prey available to the shags.
To assess the potential effects of kelp harvest, we first 
determined the spatial overlap between kelp harvest and for-
aging areas of breeding shags. Following this we assessed 
the immediate, short- and long-term impacts of kelp har-
vesting on the foraging behaviour of breeding shags using a 
Before-After Control-Impact (BACI) design (Stewart-Oaten 
and Bence 2001; Smokorowski and Randall 2017). BACI 
is one of the most robust available designs for ecological 
monitoring studies that are not original designed to assess 
impacts from different kinds of exposures. We expected a 
spatial overlap in area use, as kelp harvesters often target 
areas with habitat characteristics similar to those which are 
preferred by foraging shags (cf. Christensen-Dalsgaard et al. 
2017). If kelp harvest displaces the foraging birds or influ-
ences their foraging behaviour, this should be measurable 
when comparing shag feeding behaviour in postharvested 
areas with preharvested and unharvested areas. Two con-
trasting types of responses could be expected: (1) a reduction 
in diving activity post-harvest as a response to decreased 
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abundance of prey, making the area unattractive as feeding 
habitat for shags. If this effect is only temporary, it may 
be caused by a direct disturbance from the kelp harvesting 
itself. If the effects are still detectable long term (≥ 3 years), 
this would indicate that the kelp’s function as shelter for 
small fish prey had not yet recovered, (2) an increase in div-
ing activity post-harvest. This response could occur if shags 
need to increase their search effort to maintain prey intake 
rates, if fish abundance has decreased post-harvest, or that 
shags may be more attracted to the area due to increased 
access to prey and therefore conduct more dives.
Methods
Study system/species
The study was carried out in a shag colony at the islands of 
Sklinna (65°12′N, 10°59′E), off Central Norway (Fig. 1). In 
the period 2013 to 2018 an average of 2050 pairs of shags 
bred at Sklinna (range 1257–2570).
Data collection
To obtain data on feeding locations and diving behaviour for 
shags, birds were instrumented with GPS-loggers and time 
depth recorders (TDR). Breeding shags were opportunisti-
cally selected within the colony, and attempts were made to 
capture equal numbers of males and females when sampling 
the individuals. Adults were caught on the nest by hand or 
noose pole, and sex was determined by size and vocaliza-
tion (cf. Cramp and Simmons 1977). The shags were instru-
mented with GPS-loggers (i-gotU GT-120, Mobile Action 
Technology, re-fitted in heat shrink tubes) and TDR’s (G5, 
CEFAS Technology). The GPS-loggers were attached to 3–4 
middle tail feathers using strips of TESA ® tape. TDR-log-
gers were attached to the GPS-logger prior to instrumenta-
tion. The mean mass weight of the deployment when using 
both GPS- and TDR-loggers was 30.7 g (SD = 0.75, range 
26.3–32.2), corresponding to 1.5% and 1.8% of mean body 
mass of males and females at Sklinna, respectively. The log-
gers were removed after approximately 3 days. Deployment 
of loggers normally required less than 3 min of handling 
and retrieval less than 10 min. Birds were fitted with log-
gers during late incubation and throughout the chick-rearing 
period (June–July). The GPS-loggers were programmed to 
take a location every 20–60 s, and the TDR-loggers were 
configured to record pressure every second. Cleaning and 
preparation of logger data followed Christensen-Dalsgaard 
et al. (2017) and Lorentsen et al. (2019).
The spatial locations of dives were determined by relating 
each dive to the GPS location closest in time, restricted to 
Fig. 1  Map of Norway and 
overview of the study system. 
Star marks the colony on 
Sklinna. Left image: harvest 
sectors are shown as black lines, 
where each number shows the 
allowed harvest period  
(1: 1 Oct 2018–30 Sep 2019, 
2: 1 Oct 2017–30 Sep 2018;  
3: 1 Oct 2016–30 Sep 2017;  
4: 1 Oct 2015–30 Sep 2016 and 
5: 5 June 2015–30 Sep 2015). 
The grid cells where kelp is 
harvested (impact sites) are 
shown as dark grey cells, and 
the control areas are shown as 
light grey cells. The presence of 
kelp forest is shown as hatched 
green areas. All diving locations 
of shag included in the study 
are situated within the marked 
grid cells
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maximum 30-s difference between the time of the GPS loca-
tion and the time when the dive began or ended. This cut-off 
was applied to compensate for the fact that GPS devices 
did not record locations when submerged while retaining a 
high spatial resolution in the data. To minimize the risk of 
including washing dives as foraging dives, dives shallower 
than 1.5 m were excluded.
Kelp harvest
Kelp harvest occurred in the study area between 2014 and 
2018. In this area, kelp harvest is organised in a 5-year cycle, 
where kelp is harvested in one sector for 1 year, followed 
by a 4-year fallow period. Each sector is one latitudinal 
minute high (i.e. 1843 m). Kelp trawlers operate at a depth 
of 2–20 m. The kelp is harvested with a 3-m-wide dredge 
pulled by a boat along the bottom, which rips the plants from 
the rock. These 3-m-wide openings in the kelp forest create 
a kelp matrix with a mix of patches of kelp and trawl tracks 
(Fig. 2). The proportion of kelp removed in the harvested 
areas depends on bottom topography and depth and likely 
varies from a few percent to large proportions.
Information on the distribution and magnitude of kelp 
harvest was made available by the Directorate of Fisheries 
(www.fiske ridir .no). Vessels that harvest kelp are required 
to report the amount of kelp harvested once per day in an 
electronic catch diary. This information is however not con-
nected to exact position of the harvesting event(s) carried 
out, which makes it methodically challenging to assess the 
accurate positions of the kelp harvest. Therefore, to esti-
mate the areas of harvest, the assumption was made that it 
took place in areas where the boat travelled at low speed. 
To quantify the spatial and temporal distribution of harvest, 
information from the electronic catch diary was therefore 
coupled with tracking data, and positions report every ten 
minutes through AIS (Automatic Identification System) 
from the boat. The total harvest of kelp was subsequently 
divided by the number of tracking points recorded in grid 
cells of 1843 m * 780 m (Fig. 1) during the same period. 
This provided an estimate of the amount of kelp harvested 
in each grid cell. Data were made available to us from the 
Directorate of Fisheries as biomass of kelp harvested per 
grid cell per month. Since the boats are only allowed to har-
vest kelp within clearly defined zones, it was subsequently 
assumed that data recorded outside the valid zones were 
erroneous, and these data were excluded from the analysis.
Kelp harvest occurred between May and December. May, 
June and July, the months immediately before and during the 
period where the diving activity of shags was recorded, were 
kept as separate months in the analysis, while the biomass of 
kelp harvested during August to December, when no shags 
were monitored, was pooled. As the shags are not confined 
to the colony after the chicks have fledged in August, there 
is little use in keeping August to December separate, as the 
biomass removed will first affect the birds when they estab-
lish at the colony in spring.
In order to include grid cells with no harvest (i.e. control 
sites) but with kelp presence, the grid cells were expanded 
over the total area used by the diving shags (Fig. 1). All grid 
cells were then overlaid by a GIS layer, indicating the pres-
ence of kelp (obtained from https ://kartk atalo g.geono rge.no) 
to estimate the proportion of kelp in each grid cell. This GIS 
layer did not include biomass or harvest, but just indicated 
the areas where kelp was present.
Dive activity
Diving activity, measured as number of dives, of all indi-
vidual shags pooled was summarized for each grid cell (har-
vested and non-harvested) for each year (2013–2018) based 
on the spatial location and time of the dive (see Christensen-
Dalsgaard et al. 2017 for details on method). Diving data 
were available for the months of June and July which is the 
chick-rearing period for shags at Sklinna. The experimental 
design of shag instrumentation resulted in 80% of the div-
ing activity occurring in July, and we therefore chose not to 
separate diving activity between June and July.
Total dive duration (i.e. sum of the duration of all single 
dives) and total dive depth (sum of maximum depth for all 
dives) were additionally used as an alternative measure of 
diving activity (Table S1). However, these three measures 
were strongly correlated (R = 0.93–0.97, Fig. S1) and gener-
ated similar results. We therefore present only the number of 
dives in the results, while the other measures are presented 
in the supplementary material.
Fig. 2  Arial photograph illustrating recently harvested kelp forest. 
The light tracks are openings with a width of 2–3 m created by the 
harvest sledge. This photograph is from an area suitable for harvest-
ing (not in the study area), and a large proportion of the kelp has been 
harvested. Photograph: © Arne Follestad
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Before‑after, control‑impact (BACI) analysis
To assess the impact of kelp harvest on foraging behaviour 
of shags, we used a BACI design where diving activity 
(i.e. number of dives) was used as the measured variable. 
In contrast to a controlled experiment, we were not able to 
randomly chose treatment sites, as kelp harvest follows set 
management restrictions and occurs continuously over a 
period of years. However, harvested areas can still repre-
sent impact sites and diving activity can be compared before 
and after the impact (i.e. harvest). To be able to account for 
natural environmental changes that may occur independent 
of harvest, impact sites must be compared to unharvested 
sites, which are referred to as control areas.
To ensure that all grid cells included in the analyses were 
used by foraging shags, we excluded all cells (harvested 
or non-harvested) without any registered diving activity 
during the study period (2013–2018). To avoid the influ-
ence of few dives at the edge of a cell, diving activity was 
defined as minimum 10 dives within the appropriate cell. 
All remaining cells were classified as either impact sites, if 
they were harvested at some stage during the study period, 
or as control sites if they were never harvested. In order to 
make control sites comparable with impact sites with regard 
to habitat composition, we only kept sites where kelp was 
present following the mapping of kelp distribution. This pro-
cedure resulted in 77 control sites and 93 impact sites. The 
proportion of kelp areas was slightly higher in impact sites 
(mean = 36%, SD = 0.23) than in control sites (mean = 25%, 
SD = 0.18).
As kelp harvest was carried out continuously between 
2014 and 2018, our data set did not allow for a balanced 
before and after design (Smokorowski and Randall 2017). 
To account for this unbalance, we ensured that the propor-
tion of “before” and “after” within each year was similar in 
impact and control sites. Balanced distribution of “before” 
and “after” within years was important to account for, as 
recent work has shown that the spatial distribution of forag-
ing distribution and diving activity of shags around Sklinna 
vary between years (Lorentsen et al. 2019), potentially inde-
pendent of harvest. Thus, yearly variation in diving activity 
is assumed to be influenced by annual variations in abun-
dance (= spawning success) of saithe, represented by the 
abundance of the younger age classes in the shag diet (e.g. 
Lorentsen et al. 2018). As available harvest data were sum-
marized per month, it was not possible to classify whether 
shags had been diving before, during or after harvest that 
occurred in June or July. Due to this, we had to exclude sites 
in the years where harvest and dives occurred during the 
same months (79 of a total of 1020 year*site combinations).
Diving activity did not occur in all sites during the study 
period. This lack of diving activity some years is considered 
a true zero as the bird could, but did not, choose to dive there 
in some of the years, but did in other years. To deal with 
this excess of zeros, we decided to run the BACI analyses 
as a zero-inflated negative binomial model (ZINB) using the 
library “glmmTMB” (generalized linear mixed models using 
Template Model Builder; Brooks et al. 2017) in software 
R (https ://www.r-proje ct.org/). A ZINB model is a mixture 
model consisting of two parts: a binomial model used to 
model the excess zeros and a conditional count process, 
including expected zeros, modelled by a negative binomial 
GLM (Zuur 2009). The excessive variation in the count pro-
cess made a negative binomial model (type 1) more appro-
priate than a Poisson model.
In the model we included, in addition to the interaction 
between impact (no treatment/treatment) and time (before/
after) mandatory in a BACI design, the proportion of kelp as 
a quadratic term in both the binomial part and the count part 
of the model. By doing this we accounted for variation in 
diving activity related to the presence of kelp at sites, as div-
ing activity of shags has been shown to be highly related to 
the occurrence of kelp (Christensen-Dalsgaard et al. 2017). 
To reduce the influence of a few sites with very high diving 
activity in the conditional part of the model, the response 
variable (number of dives) was square-root transformed. By 
using the library glmmTMB we were able to account for the 
spatial variation in diving activity observed between years, 
by including year as a random intercept in both parts of the 
ZINB model. Site ID was also included as a random inter-
cept to account for repeated measurements in the same site 
over the years. The number of individual birds successfully 
equipped with loggers each year varied between 24 and 57 
(mean = 30, SD = 15.9), and an increase in the number of 
individuals equipped increased the total number of dives 
conducted that year (Pearson’s correlation = 0.87, number 
of dives each year; range = 4917–14,677, mean = 8123, 
SD = 4006). Therefore, log (number of individual birds 
equipped) was used as an offset variable both in the zero-
inflated and in the count process. Analysis of residuals of the 
models indicated no violation of assumptions.
To test for effects of harvest on different temporal scales, 
the BACI analyses were run on different subsets of the data 
depending on time since harvest (Table 1). All sites defined 
as “before” were kept constant for all subsets.
Potential effects of kelp harvest on shag diving activity 
may be related to the proportion of the kelp forest being 
removed. However, information on kelp biomass prehar-
vest was not available so this could not be estimated. Bio-
mass harvested at each site varied between 3 and 5133 
tons (median = 283, SD = 880.6), but there was no clear 
relationship between kelp biomass harvested and propor-
tion of kelp present at the site. The highest harvests (above 
the 95% quantile) were in sites with more than 60% kelp 
occurrence, but the smallest harvest (3–10 tons, below the 
10% quantile) still occurred in sites with up to 64% kelp 
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occurrence. To ensure that sites with low harvests were 
not driving our results, we additionally reran the models 
excluding impact sites with less than 10 tons of biomass 
harvested.
Results
As expected, there was a large spatial overlap between 
areas of kelp harvest and diving activity of shags (Fig. 1). 
After 4 years of harvest in the study area, more than half of 
the sites used for foraging by shags had been harvested at 
some stage (Fig. 3). Diving activity was registered in 26% 
of the sites during all 6 years included in the study, indi-
cating fidelity at the population level to particular foraging 
grounds. Of these, 73% were impact sites where half of the 
diving activity occurred in postharvest years. This fidelity 
was not only driven by kelp occurrence as this was similar 
across sites used for foraging for at least 3 years or more 
(Fig. S2). There was a large spatial and temporal variation 
in diving activity, between and within sites, where number 
of dives varied between 0 and 1064 (mean = 79 ± 126 SD 
when excluding zeros, 37% of site*year combinations had 
no diving activity).
BACI analyses
The BACI analysis showed that there was a tendency for 
increased diving activity in the period defined as “after” 
treatment, but this was observed for both impact (i.e. har-
vested) and control sites (non-harvested). There were no 
significant effects associated with the BACI interaction 
(treatment*time) for any of the temporal scales (short-, 
medium- or long-term effects 1 and 2) (Table 2, Figs. 4, S3). 
The proportion of kelp in the sites significantly increased 
the dive activity at all temporal scales (Table 2, Figs. S3 
and S4).
In the zero-inflated part of the model a significant BACI 
effect was observed for medium- (< 1 year after harvest) and 
long-term effects 1 and 2 (2–3 years after harvest, Table 1). 
Here the probability for zeros increased in control areas 
and decreased in impact areas after treatment, while the 
probability for zeros between control and impact was simi-
lar before treatment, i.e. the probability to observe diving 
activity was higher in harvested sites after treatment than 
in control sites (Table 2). This means that the shags had a 
higher probability of diving in postharvested sites but did 
not increase the numbers of dives.
The exclusion of impact sites with less than 10 tons of 
harvested biomass did not influence the results (Table S2). 
Similarly, the use of different measures of diving activity 
generated the same results as number of dives (Fig. S5).
Discussion
Our study clearly demonstrated large spatial and temporal 
overlap in area use by foraging shags and kelp harvest, 
underlining a potential for conflicts between the conser-
vation of shags and industrial kelp fisheries. In spite of 
this, we did not observe any clear alterations in the div-
ing activity of shags due to kelp harvest at the relatively 
broad scale of our analyses (grid cells of 1843 m * 780 m). 
Table 1  Subsets of the data depending on time since harvest used in 
the BACI analyses
Effect type Description
Short term Including sites up to 1 month after treat-
ment (i.e. harvest occurred in May the 
same year)
Medium term Including sites up to 1 year after treatment 
(i.e. harvested between June year x-1 to 
May year x)
Long term 1 Including sites up to 2 years after treatment
Long term 2 Including sites up to 3 years after treatment
Fig. 3  Proportion of grid cells 
with diving activity by shags 
per year in relation to harvest. 
Non-harvest sites (light grey) 
have not been harvested prior 
to diving activity, harvested 
sites previous years (grey) were 
harvest one time between 2014 
and the year on the x-axis. Har-
vested sites same year (black) 
represent grid cell that were 
harvested during the same sum-
mer (June, July) as the diving 
activity occurred
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Dive intensity was not influenced by harvest, but we did 
observe a slightly higher probability for diving to occur in 
harvested sites 1–3 years after harvest, compared to con-
trol sites. Disentangling potential effects of kelp harvest 
on shags is, however, not straightforward as shags do not 
directly depend on the kelp, but indirectly through their 
main prey, saithe, that form schools over kelp canopies 
(Norderhaug et al. 2005; Olsen et al. 2010). How shags 
are affected by the kelp harvest will therefore depend on 
the response of fish to harvest, both on a spatial and tem-
poral scale.
Individual fish remaining in areas of harvest will likely 
become an easy prey target as the kelp forest opens up and 
potential hiding places are reduced. In addition, the stir-
ring up of invertebrates in the hours following harvest could 
lead to increased food access, thereby attracting fish to the 
area. This may have a positive effect on intake rates for 
seabirds, at least initially and as long as the fish density is 
high enough so that they are profitable to hunt for. Simi-
larly, if fish migrate from harvested areas to seek shelter in 
nearby kelp-forested areas, densities may increase locally 
also benefiting the seabirds food intake. Alternatively, fish 
can disperse over a wider area, as suggested by Bodkin 
(1988), forcing seabirds to compensate for local food deple-
tion by intensifying their search effort within their foraging 
grounds and/or expanding their foraging range (Zador and 
Piatt 1999; Suryan et al. 2000; Burke and Montevecchi 2009; 
Lorentsen et al. 2019), increasing the cost associated with 
foraging. Finally, fish can change their distribution in the 
water column forcing seabirds to dive deeper for prey. In a 
recent study saithe redistributed in the water column when 
the kelp forest structure disappeared, using the water column 
all the way down to the sea floor postharvest (Norderhaug 
et al. submitted). There was no evidence in our results show-
ing that shags at Sklinna were forced to alter their foraging 
range or to increase diving effort as they were using the same 
sites for foraging throughout the study area independent of 
harvesting regime (c.f. Table S1). The observed increase in 
number of dives in the time period after treatment occurred 
both in impact and in control sites, suggesting that it was 
Table 2  BACI analysis with 
the parameter estimates and 
standard error from four zero-
inflated linear mixed-effects 
models fitted to diving activity 
(squared number of dives) of 
European shags at Sklinna
Impact is represented by harvest of kelp, and the four model is subset to include different temporal scales 
(short term = 1 month, medium term = 1 year, long term 1 = 2 years and long term 2 = 3 years after har-
vest). Significance is shown as **p < 0.01, *p < 0.05. Note that the zero-inflated part of the model shows 
the probability of a zero
Conditional model Short term Medium Long term 1 Long term 2
β SE Β SE β SE Β SE
Intercept − 1.82** 0.087 − 1.84** 0.086 − 1.85** 0.089 − 1.87** 0.088
Before vs After (BA) 0.3* 0.136 0.27* 0.108 0.17 0.101 0.17 0.1
Control vs Impact (CI) 0.01 0.094 0.001 0.095 − 0.01 0.1 0.003 0.102
% Kelp 3.33** 1.155 3.73** 1.196 3.45** 1.298 3.71** 1.354
% Kelp ^2 − 1.37 1.071 − 1.49 1.115 − 0.84 1.214 − 1.58 1.275
BA:CI − 0.16 0.166 − 0.17 0.126 − 0.12 0.11 − 0.11 0.108
Zero-Inflated Model β SE Β SE β SE Β SE
Intercept − 4.21** 0.233 − 4.27** 0.234 − 4.35** 0.23 − 4.37** 0.251
Before vs After (BA) 0.58 0.481 0.77* 0.377 0.51 0.292 0.49 0.31
Control vs Impact (CI) − 0.15 0.29 − 0.13 0.295 − 0.13 0.312 − 0.12 0.323
% Kelp − 5.3 3.591 − 7.85* 3.806 − 10.34* 4.157 − 12.23** 4.41
% Kelp ^2 1.02 3.448 1.01 3.689 2.37 4.04 3.01 4.297
BA:CI − 0.42 0.599 − 1.14* 0.481 − 0.87* 0.415 − 0.99* 0.403
Fig. 4  BACI analysis of medium-term impact, showing the interac-
tion between treatment (control vs. impact) and time (before vs. after) 
from a zero-inflated linear mixed-effects models fitted to diving activ-
ity (squared number of dives) of European shags at Sklinna. Impact 
is represented by harvest of kelp, and the after period is restricted to 
medium-term impact (1-year postharvest)
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not influenced by harvest but by other temporal ecological 
processes that were also taking place (c.f. Lorentsen et al 
2019). If the increase was an effect of harvest, we would not 
have observed an increase in control site (i.e. non-harvested 
sites). However, the broad temporal and spatial design of our 
study restricts us from drawing any conclusions on changes 
in foraging behaviour to kelp harvest at a finer scale. Forag-
ing shags may respond behaviourally to the matrix of kelp 
patches and 3-m-wide trawl tracks that harvest creates within 
our unit of measure (1843 m * 780 m sites) which would not 
be detectable in our data. In addition, the harvest only occurs 
in parts of the site leaving the rest of the site undisturbed 
with a potential increase in fish densities (cf. Figure 2). With 
access to more precise harvest data (i.e. exact time and place 
of harvest activity), information on the foraging behaviour 
of shags can be directly associated with harvest activities.
Alterations of foraging habitat can influence seabirds 
both on an individual and on a population level. Our study 
focused on foraging behaviour of individual shags following 
impacts on their foraging habitat. However, if kelp harvest 
leads to an overall reduction in fish productivity of the area 
due to removal of suitable habitat and food sources for their 
main prey, it can cause an increase in nutritional stress of the 
birds. The magnitude of this will depend on the total kelp 
removal in an area. For instance, comparison of modelled 
biomass to harvest statistics showed that only approximately 
6% of kelp was removed by harvest in a 1150 km2 area over a 
5-year period (Norderhaug et al. 2020; van Son et al. 2020). 
There are, however, no restrictions on how much is har-
vested within a given sector and the harvesting efficiency in 
some sectors might be higher, e.g. in areas with flat bottom 
topography which are most suitable for kelp trawling.
As central-place foragers in the breeding season, shag 
foraging ranges are limited by the need to return to the col-
ony at regular intervals to provision their chicks (cf. Orians 
and Pearson 1979). An overall reduced productivity of the 
surrounding kelp forests could therefore lead to a reduc-
tion in the breeding population size and productivity of the 
breeding shags in the surrounding colonies. It is however 
very challenging to separate the human-induced change 
from natural variability. Lorentsen et al. (2019) showed that 
there was a large variability in both breeding population size 
and productivity between years. This study, partly based on 
the same data as Lorentsen et al. (2019), indicates that this 
variation is, at least to some degree, independent of kelp 
harvest. Thus, strong effects of fish abundance and spatial 
distribution on shag diving activity may outrun small effects 
of kelp harvest.
Though spanning 6 years of data collection, our study 
will in some aspects be regarded as a short-term study, as 
we have only investigated the effects of the first round of 
kelp harvest in the area. Following the Norwegian harvesting 
regulations, the kelp harvest is organised in a 5-year cycle in 
the study area, where each sector is open for kelp harvest-
ing for 1 year, followed by a 4-year fallow period. This is 
assumed to ensure the regrowth of kelp in each sector before 
it is re-harvested (Vea and Ask 2011). Research has, how-
ever, shown that the kelp-associated assemblages may take 
considerably longer to recover (Christie et al. 1998; Steen 
et al. 2016a, b). Thus, when the sector is reopened for kelp 
harvest after the fallow period the kelp forests ecosystem 
function within the trawl tracks has most likely not yet recov-
ered. The long-term effects of the harvest on the whole kelp 
forest associated ecosystem, can therefore not be assessed 
until more research has been conducted.
Kelp is harvested industrially worldwide. A few studies 
have focused on kelp, other algae and invertebrates associ-
ated with kelps (e.g. Christie et al. 1998), but surprisingly 
few studies have been performed to detect effects on a scale 
relevant for species higher in the food web. If effective poli-
cies and management practices to reduce future impacts on 
the marine environment are to be developed, knowledge on 
impact pathways and environmental effects is essential. On 
the scale used in our study, we were not able to show an 
effect of the kelp harvest on shag foraging behaviour. How-
ever, we demonstrate significant overlaps in habitat used 
by shags and kelp harvesters, signifying the potential for 
conflict. Our work has identified several issues that should 
be addressed before concluding the effects of kelp harvest 
on seabird populations. Fine scale data on the distribution 
and density of kelp in seabird foraging areas, with associ-
ated data on fish distribution and biomass, are needed as 
well as high-resolution harvest data. Fine-scale data on sea-
bird foraging activity, preferably using bird-borne cameras 
(cf. Watanuki et al. 2008), over extended periods would be 
valuable additional information. Most important, there is a 
need for experimental studies using directed and controlled 
harvest to investigate the effects of kelp harvest through the 
different trophic levels, including top predators. In Norway, 
kelp harvesters are in constant search for new areas, includ-
ing access to protected areas. In order to assess the impacts 
of kelp harvest on threatened seabird species and other spe-
cies dependent on kelp forest ecosystems, studies assessing 
the quantitative effects of this harvest are needed. We see 
such studies as essential in order to manage the services 
provided by kelp forests for the benefit of humans and the 
many species composed in the coastal ecosystem.
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